Understanding the effects of interactions in complex quantum systems beyond the mean-field paradigm constitutes a fundamental problem in physics. Here, we show how the atom numbers and interactions in a BoseBose mixture can be tuned to cancel mean-field interactions completely. The resulting system is entirely governed by quantum fluctuations -specifically the Lee-Huang-Yang correlations. We derive an effective onecomponent Gross-Pitaevskii equation for this system, which is shown to be very accurate by comparison with a full two-component description. This allows us to show how the Lee-Huang-Yang correlation energy can be accurately measured using two powerful probes of atomic gases: collective excitations and radio-frequency spectroscopy. Importantly, the behavior of the system is robust against deviations from the atom number and interaction criteria for canceling the mean-field interactions. This shows that it is feasible to realize a setting where quantum fluctuations are not masked by mean-field forces, allowing investigations of the Lee-HuangYang correction at unprecedented precision.
A key challenge in modern physics is to understand the properties of interacting quantum systems. Except in the limit of weak interactions, where a mean-field approach is often sufficient, theories for interacting systems typically involve approximations or brute force numerical calculations. The Lee-Huang-Yang (LHY) correction to the ground-state energy of a Bose gas [1] is a seminal result, which goes beyond meanfield theory by including quantum fluctuations. In spite of its fundamental importance, the LHY correction was only recently measured quantitatively using the sophisticated experimental techniques offered by ultracold atomic gases [2, 3] . Moreover, LHY physics was observed in a number of cold gas experiments [4] [5] [6] . A main reason for the difficulty of probing the LHY term is that it typically constitutes a small contribution to a dominant mean-field term.
Recently, it was pointed out that quantum fluctuations can stabilize a Bose-Bose mixture, which would otherwise collapse under attractive mean-field forces [7] . The resulting self-bound droplets were observed both without confinement [8] , and with confinement in one [9] or two dimensions [10] . Similar observations were made in dipolar condensates [11] [12] [13] [14] . While these experiments show the presence of quantum fluctuations, the existence of various competing mean-field and quantum fluctuation energies of the same magnitude, complicates a direct measurement of the LHY term.
In this Letter, we propose a novel approach to studying quantum fluctuations. By tuning the interactions and atom numbers in a two-component Bose-Einstein condensate (BEC), it is possible to realize a fluid where mean-field interactions are entirely absent. This leaves the LHY correction as the only relevant interaction energy for weak coupling, and we denote such a system a LHY fluid. We develop an effective single-component framework based on a generalized Gross-Piteavskii equation (GPE), which is shown to accurately describe the LHY fluid by comparing with full numerical two-component simulations. Using the one-component framework, we calculate a number of relevant parameters describing the fluid. Moreover, we show how two powerful measurement techniques available to cold gas experiments, collective oscillations and radio-frequency (RF) spectroscopy, can be used to accurately probe LHY physics. Finally, we show that our results are robust towards considerable deviations in atom numbers and interaction strengths away from the conditions for realizing the ideal LHY fluid.
A two-component BEC at zero temperture is, excluding LHY terms, described by the mean-field energy functional
Here, the subscript i = 1, 2 refers to the two components,
is the condensate wave function, g i j = 2πh 2 a i j (m i + m j )/(m i m j ) is the coupling constant between components i and j with a i j corresponding to the scattering length. The density of component i is n i (r) = |Ψ i (r)| 2 . For simplicity, we choose equal masses m = m 1 = m 2 of the two components and a symmetric harmonic trap V 1 (r) = V 2 (r) = mω 2 0 r 2 /2. Stability requires g 11 > 0 and g 22 > 0. It is easy to show that for g 12 = − √ g 11 g 22 , one eigenvalue of the quadratic form ∑ i j g i j n i n j /2 in Eq. (1) is zero whereas the other is positive. The eigenvector associated with the zero eigenvalue corresponds to n 2 = g 11 /g 22 n 1 , which shows that the mean-field energy vanishes for this density ratio, and that any deviation away from this is energetically costly. Thus, by choosing g 12 = − √ g 11 g 22 and atom numbers such that N 2 /N 1 = g 11 /g 22 , the mean-field terms of Eq. (1) cancel entirely and the condensate wave functions take the form Ψ 2 = Ψ 1 (g 11 /g 22 ) 1/4 . The system will behave as if it is non-interacting at the mean-field level, and any perturbation to one component results in a restoring force towards Ψ 2 ∝ Ψ 1 . This motivates using the ansatz
The contribution from quantum fluctuations to the local energy density in a Bose mixture of equal masses m reads [7, 15] 
where n = n 1 + n 2 . Including this term in Eq. (1) and defining |Ψ| 2 = |Ψ 1 | 2 + |Ψ 2 | 2 with Ψ 2 = Ψ 1 (g 11 /g 22 ) 1/4 yields the one-component energy functional [16] 
Note that there are no mean-field terms in this energy functional, so interaction effects are given by the next order LHY fluctuation term for weak interactions. We therefore denote this system as a LHY fluid. The corresponding GPE is
This is analogous to the usual one-component GPE, but with the non-linear mean-field |Ψ| 2 term replaced by a |Ψ| 3 term. It follows from Eq. (5) that the relevant dimensionless parameter for the interaction strength is N 3/2 |a 12 /a ho | 5/2 , where N = N 1 + N 2 is the total number of atoms and a ho = h/mω 0 is the harmonic oscillator length. This should be compared with the parameter Na 11 /a ho for a regular BEC. The simplicity of Eq. (5) allows for detailed analytical studies of the system, in contrast to multi-component systems which in general are difficult to describe analytically. Note that the LHY contribution to the chemical potentials of the two components, µ j = ∂ E LHY /∂ N j , differs for the two components except for a 11 = a 22 , as follows from Eq. (2). Hence, the LHY term will break the proportionality Ψ 2 = Ψ 1 (g 11 /g 22 ) 1/4 , which is assumed when deriving Eq. (5). However, the mean-field forces will tend to restore this proportionality, and as we shall see, the onecomponent framework is accurate for an describing mixtures with a 11 = a 22 .
To verify the validity of the one-component description, we compare the ground-state energy obtained from Eq. (5) with that using a full two-component GPE formalism with mean-field and LHY terms included [17] . For concreteness, we consider the recently studied 39 K spin mixture in states |1 = |F = 1, m F = −1 and |2 = |1, 0 [8] [9] [10] 18] . At a magnetic field of 56.8 G, the scattering lengths of the system fulfill |a 12 | = √ a 11 a 22 = 53a 0 with a 22 /a 11 = 2.5, where a 0 is the Bohr radius [18] . The calculations are performed by varying ω 0 /2π from 0 up to 100 Hz with a total atom number N = 10 5 using a numerical toolbox [19, 20] . The ground-state energies as a function of interaction strength are shown in Fig. 1 . The one-and two-component calculations yield essentially the same results confirming that Eq. (5) provides an accurate description of the system. The results also show that the meanfield energy in the two-component theory is much smaller than all the other energies, consistent with our approach. The onecomponent framework indeed remains accurate for interaction strengths beyond those available in typical experiments (see supplementary material [17] ). We now use the one-component framework to derive a number of relevant properties of the system. For strong interactions N 3/2 (|a 12 |/a ho ) 5/2 1, the local density is well described within the Thomas-Fermi approximation giving
where R LHY is the fluid radius. Using V (R LHY ) = µ yields
where
Using µ = ∂ E/∂ N and µ ∝ N 6/13 , we obtain E/N = 13µ/19 for the energy per particle. The central density of the fluid is
This can also be used to confirm the accuracy of our weak coupling theory, valid for n 0 |a 12 | 3 1. For typical values N = 10 5 and a 12 = 53a 0 , an interaction strength of N 3/2 |a 12 /a ho | 5/2 ≈ 1.7 × 10 4 would be required to reach 1% of this limiting criterion (n 0 |a 12 | 3 = 0.01). This illustrates that all our results are in the weakly interacting limit n 0 |a 12 | 3 1.
We also introduce a healing length ξ LHY providing the typical length scale of density variations of the LHY fluid. It is determined by a competition between the kinetic energy and the interaction energy.
One of the most powerful techniques for investigation of cold atomic gases is collective excitations [4, [21] [22] [23] [24] [25] . We now show how the simplest collective excitation, the monopole breathing mode, can be used to probe the LHY correlations. To do so, we introduce the generic wave function [24] 
where f is an arbitrary real function, R is a radius, φ is a phase and B is a normalization constant. Inserting Eq. (11) into Eq. (4) gives the energy
Here, E flow =h 2 /2m dr|Ψ| 2 (∇φ ) 2 is the kinetic energy of the particle currents,
Consider first the equilibrium case R = R 0 , where E flow = 0 and dU/dR| R=R 0 = 0. The energy terms are proportional to powers of R from which follows a virial theorem
Now, we move on to dynamics by considering a time-dependent R. The corresponding particle velocity is v(r) = rṘ/R, and E flow = m eṘ 2 /2 where m e = Nm r 2 /R 2 is an effective mass, and r 2 is the mean-square radius of the fluid [24] . For a harmonic oscillator, the effective mass is m e = 2E pot /ω 2 0 R 2 . Conservation of the total energy m eṘ 2 /2 + U(R) gives the equation of motion m eR = −∂U(R)/∂ R.
Expanding the effective potential U(R) to second order around equilibrium gives U(R) = U(R 0 ) + C(R − R 0 ) 2 /2, where C = d 2 U(R)/dR 2 is a constant describing the restoring force towards equilibrium. The monopole oscillation frequency is therefore ω 2 = C/m e . By calculating R 2 d 2 U(R)/dR 2 and using Eq. (13), we obtain
This expression allows for a straightforward evaluation of the monopole frequency at various interaction strengths. In the Thomas-Fermi limit we can set E zp = 0 in Eqs. (13) (14) obtaining ω/ω 0 = 13/2. The frequency change compared to the non-interacting value ω/ω 0 = 2 is thus more than twice as large than for a regular BEC where ω/ω 0 = √ 5 in the Thomas-Fermi limit [23] . For weak interaction, E LHY and E pot can be calculated using the harmonic oscillator groundstate wave function, and Eq. (14) yields
To evaluate the monopole frequency for intermediate interactions, we use the energies obtained from the one-component ground-state calculations shown in Fig. 1 combined with Eq. (14) . As a check, we have also performed dynamical simulations using the full two-component description [17] .
In Fig. 2 , we show the monopole frequency as a function of the interaction strength. The one-component framework for the LHY fluid yields essentially the same frequency as the full two-component calculations, demonstrating its accuracy. Importantly, it confirms that the frequency shift of the monopole mode is driven almost exclusively by the LHY correlations, whereas mean-field forces play a negligible role. Figure 2 also displays how the monopole frequency interpolates between the result of Eq. (15) for N 3/2 |a 12 /a ho | 5/2 1 and ω/ω 0 = 13/2 for N 3/2 |a 12 /a ho | 5/2 1, which is also shown in the supplemental material for stronger interactions [17] . Given the high accuracy of collective mode experiments, we conclude that the LHY correlations can be probed quantitatively by measuring the monopole frequency of a LHY fluid.
We now show that RF spectroscopy, which has been used extensively to study interaction effects in BECs [6, [26] [27] [28] , can be used to directly measure the LHY energy by transferring atoms between components 1 and 2. Since a small number of atoms transferred from one component to the other will experience the same mean-field energy in the two states, any shift of the transition frequency is entirely due to the LHY en- ergy term, which differ for the two components. The shift is determined by the difference µ 1 − µ 2 in chemical potentials of the two states [17] . Assuming that
where µ LHY = (128 √ πh 2 |a 12 | 5/2 /3m) Ψ||Ψ(r)| 3 |Ψ / Ψ|Ψ is the expectation value of the LHY interaction energy in the one-component framework. It is thus straightforward to obtain the shift by calculating µ LHY .
To obtain the shift in the weakly interacting limit, the value µ LHY is calculated assuming the harmonic oscillator groundstate wave function
To evaluate this, we again consider 39 K in the spin states given above. The resulting shift using Eq. (17) is shown in Fig. 3 . To calculate the shift for stronger interactions, the ground-state calculations for both the one-and the twocomponent frameworks shown in Fig. 1 are used. For the one-component framework, µ LHY is extracted and Eq. (16) is used to calculate the frequency shift. For the two-component framework, the difference of the numerically obtained chemical potentials is shown. Figure 3 shows that the quantum fluctuations clearly result in a difference of chemical potentials, and the resonance frequency for transferring atoms is shifted accordingly. Since the two components do not have identical atom numbers N 1 = N 2 , a resonant RF pulse will not transfer the same number of atoms between the two components, and it will therefore result in a deviation from the ratio N 2 /N 1 = a 11 /a 22 . RF spec- troscopy is thereby capable of directly measuring the energy contribution from quantum fluctuations in a LHY fluid.
It is experimentally challenging to perfectly match the criteria N 2 /N 1 = a 11 /a 22 and a 12 = − √ a 11 a 22 as required. An important question for the feasibility of realizing a LHY fluid is therefore the effect of small deviations from these values. To investigate this, we perform full two-component groundstate calculations with constant a 11 , a 22 , a ho , and N = 10 5 , corresponding to N 3/2 ( √ a 11 a 22 /a ho ) 5/2 = 4, but with various values of a 12 and N 1 /N 2 . Figure 4(a) shows that the meanfield energy is small compared to the LHY energy so quantum fluctuations are the dominating source of interaction effects, even for relatively large deviations. In Fig. 4(b) , we show the monopole oscillation frequency, obtained from dynamical two-component simulations. It remains significantly larger than the frequency ω/ω 0 = √ 5 ≈ 2.236 of a regular BEC in the Thomas-Fermi limit for a broad range of parameters. In both cases, Fig. 4 shows that the LHY fluid is more susceptible to deviations in scattering length than to deviations in relative atom numbers. This can be understood from the fact that if an atom of type 1 is added to a mixture fulfilling N 2 /N 1 = a 11 /a 22 and a 12 = − √ a 11 a 22 , the net contribution to mean-field energy is ∼ n 1 g 11 + n 2 g 12 = 0. However, changing the scattering length away from a 12 = − √ a 11 a 22 leads to an imbalance in net mean-field energy, which quickly becomes comparable to the LHY energy.
These results can be used to discuss the experimental feasibility of realizing a LHY fluid. As argued above, it is mainly important to fulfill the scattering length criterion a 12 = − √ a 11 a 22 . For the 39 K system discussed in this work, the range 0.97-1.03 of a 12 / √ a 11 a 22 corresponds to a magnetic field window of approximately 250 mG. Within this range, which is well within the precision of ultracold gas experiments, it is thus possible to realize a fluid where quantum fluctuations are stronger than mean-field interactions.
In conclusion, we propose the realization of a dilute quan-tum fluid where quantum fluctuations provide the only relevant interaction. Even though the fluid consists of two distinct components, it is possible to describe it using a onecomponent framework. We furthermore propose two methods to study the quantum fluctuations: collective oscillations and RF spectroscopy. Finally, we have shown that it is experimentally feasible to realize the fluid, despite typical uncertainties in scattering length and atom numbers. The one-component framework will stimulate further theoretical studies -in future work, it will be interesting to investigate, e. g., the dispersion relation and the expansion properties of the fluid. The realization of the LHY fluid opens up for an unprecedented characterization of quantum fluctuations. Since it is possible to directly study the LHY correction without the presence of predominant mean-field contributions, this system is a promising candidate for observing beyond LHY corrections. The next order (in na 3 ) correction to the energy in a Bose gas, E WHPS , was calculated for a single-component BEC [29] , and recently for a single impurity in a BEC [30] . Since it has not been calculated for a two-component BEC so far, we use the single-component result as a guide, which gives E WHPS /E LHY ≈ 4.1 √ na 3 ln na 3 [29] . Using Eq. (9) with N = 10 5 , a 12 = 53a 0 , and ω 0 /2π = 1 kHz, corresponding to N 3/2 |a 12 /a ho | 5/2 ≈ 72, yields E WHPS /E LHY ≈ −0.5, showing that beyond-LHY physics indeed is experimentally accessible. It would be interesting yet challenging to calculate this term for a two-component mixture, building, for instance, on the diagrammatic results of Refs. [30, 31] .
The LHY fluid constitutes a compelling system, located between two interaction limits of Bose gases: mean-field interactions and highly correlated Bose gases. It thereby provides a stepping stone towards a better understanding of new exotic systems.
Supplemental Material to "Dilute Fluid Governed by Quantum Fluctuations"
In this supplemental material, we show additional equations and numerical calculations, which complement the results shown in the main text.
In a Bose-Bose mixture of equal masses m, the contribution from quantum fluctuations to the local energy density is [7, 15] 
where n 1 and n 2 are the densities of the respective components. The interaction strengths within the two components are parameterized by the scattering lengths a 11 and a 22 , and the interaction strength between the components is described by a 12 .
For the case of a 12 = − √ a 11 a 22 , Eq. (S1) reduces to
and for n 1 /n 2 = a 22 /a 11 , it further reduces to
where n = n 1 + n 2 , and the two-component framework is reduced to a one-component framework.
To derive a Gross-Piteavskii equation for the Bose-Bose mixture, it is necessary to evaluate the contribution of quantum fluctuations to the chemical potential of each component i
where N i refers to the particle number. Based on Eq. (S1), one obtains
ii n i − a ii a j j n j + 2a 2 i j n j (a ii n i − a j j n j ) 2 + 4a i j n i n j (S5) × a ii n i + a j j n j ± (a ii n i − a j j n j ) 2 + 4a i j n i n j
This expression is used for the results shown in Fig. 4 in the main text. When a 12 = − √ a 11 a 22 , as for Eq. (S2), the addition to the chemical potential is
This expression is used for the results for the two-component calculations shown in Figs. 1-3 of the main text. For the one-component framework where n 1 /n 2 = a 22 /a 11 , the addition to the chemical potentials from Eq. (S3) is
which is used for Eq. (5), and the one-component results shown in Figs. 1-3 of the main text. The coupled two-component Gross-Piteavskii equations based on the result of Eq. (S6) are
where V is the external potential and Ψ i is the condensate wave function. We use µ i calculated from the expectation value of the right hand side of this equation to derive Eq. (16) of the main text.
In the following, we present numerical calculations which extend the results shown in the main text towards stronger interactions. Figure S1 shows ground-state energies of the LHY fluid calculated numerically using the one-component and the twocomponent framework. It is similar to Fig. 1 of the main text, but extended to stronger interactions. The numerical calculations were performed using N = 10 5 , a 12 = 53a 0 , and trap frequencies up to ω 0 /2π = 80 kHz. A trap frequency this large is typically not available experimentally, and the main purpose of these calculations is to show the validity of the one-component framework when approaching strong interactions. Indeed, the results display that the one-component framework approximates the two-component system well, even far beyond the experimentally available regime. Figure S2 shows the monopole frequency of the LHY fluid, using Eq. (14) of the main text and the one-component groundstate calculations shown in Fig. S1 . The figure is similar to Fig. 2 of the main text, but extended to stronger interactions and using a logarithmic axis. These result more clearly show how the monopole frequency approaches the Thomas-Fermi limit prediction when the interaction strength is increased. 
